Introduction
The oocyte-secreted factor, bone morphogenetic protein 15 (BMP15), also known as growth differentiation factor 9B (GDF9B), was proven to be critical for normal fertility in female mammals. It was confirmed that the physiological role of BMP15 was to regulate granulosa cell proliferation and differentiation by promoting granulosa cell mitosis, to stimulate the mRNA expression of granulosa cell kit ligand, to inhibit FSH-dependent progesterone synthesis through the suppression of the mRNA expression of the FSH receptor, and to prevent premature luteinization (1, 2) . The goat BMP15 gene contains 2 exons and 1 intron, which showed high homology (99.4%) with that of sheep (3) . In goat ovaries, BMP15 mRNA was detected in primordial, primary, and secondary follicles as well as in the oocyte and granulosa cells of antral follicles, while the BMP15 protein was found in oocytes of all types of follicles and granulosa cells of primary, secondary, and antral, but not primordial, follicles (4) . BMP15 protein was highly conserved (98.5% homology) between sheep and goats and both lacked the fourth cysteine residue of the 7 cysteines that are typically conserved in the members of the TGFβ superfamily (5) . Because of the deletion of the fourth cysteine, goat BMP15 and GDF9 are perhaps linked as homodimeric and/or heterodimeric proteins with noncovalent bonds, rather than disulfide bonds.
To (12) in sheep. The former 6 mutations in the sheep BMP15 gene were associated with both increased ovulation rate or litter size in heterozygous carriers and sterility in homozygous carriers. The results of our early work showed that the 6 mutations of the BMP15 gene had no significant effect on the fecundity of Jining Grey goats (JG, the goat breed with the highest prolificacy in China with 2.94 kids per litter) and other goat breeds (13) (14) (15) (16) . We detected a mutation, A898G (resulted in Ser32Gly (S32G) change of mature peptide), in the goat BMP15 gene and found that allele G was associated with high litter size in JG goats (3, 17) ; does with genotype GG had 0.71 (P < 0.05) or 1.57 (P < 0.05) kids more than those with genotype GA or AA, and does with genotype GA had 0.86 (P < 0.05) kids more than those with genotype AA (3). The BMP15 gene may be a potential major gene in goat prolificacy.
The S32G mutation of the BMP15 gene in JG goats may have significant effects on fecundity of other goat breeds reared in China. The aim of our research was to investigate the distribution of the S32G mutation in 18 goat breeds by PCR-RFLP and to analyze its functional change.
Materials and methods

Samples and breeds
There are abundant genetic resources of goats in China and they show rich diversity of fecundity (18) PCR products were digested by AluI (NEB, China) according to the recommendations. The mixtures were detected at 100 V on a 12% polyacrylamide gel.
Statistical analysis
The following fixed-effects model was employed for analysis of litter size in JG goat does and least squares means were used for multiple comparisons of litter size among the different genotypes:
where y ijklm is the phenotypic value of litter size, µ is the population mean, S i is the fixed effect of the i th sire (i = 1, 2, 3, 4, 5), KS j is the fixed effect of the j th kidding season (j = 1, 2, 3, 4), P k is the fixed effect of the k th parity (k = 1, 2, 3), G l is the fixed effect of the l th genotype (l = 1, 2, 3), and e ijklm is the random residual effect of each observation.
Analysis was performed using the general linear model procedure of SAS Version 8.1 (SAS Institute Inc., Cary, NC, USA). Mean separation procedures were conducted using a least significant difference test.
Structure prediction of goat BMP15
The structures were predicted online with the Phyre program and the deepview/Swiss-pdb Viewer v4.0.1 based on the crystal structure of hBMP7 (pdb ID: c1lx5A).
Results and discussion
The mean litter size of the 18 goat breeds ranged from 1.05 (IC) to 2.94 (JG) (18, 19) . The 18 goat breeds can be divided into 3 categories based on their fecundity with 4 high prolificacy breeds (mean litter size exceeded 2.50 kids, including JG, GW, DB, and SW), 11 moderate prolificacy breeds (mean litter size between 1.50 and 2.49 kids, including NB, GM, B, CM, SD, M, WD, BJ, JB, GD, and CW), and 3 low prolificacy breeds (mean litter size less than 1.49 kids, including A, LC, and IC) ( Table 1 ). The allele G at the 898 locus was detected with a high frequency (0.938) in JG goats; a moderate frequency (0.562) in M goats; a low frequency in WD (0.200), BJ (0.133), and JB (0.133) goats; and an extremely low frequency (less than 0.1) in SW, NB, GM, CM, GD, and CW goats by the PCR-RFLP method (Figure 1) . None of the individuals in the GW, DB, B, SD, A, LC, and IC breeds were detected to carry the A898G mutation of BMP15 ( Table 1 ). The huge difference in genotype distribution of the BMP15 gene in 18 goat breeds indicated that there could be certain relations between the S32G mutation and litter size in goats.
On the other hand, the 18 goat breeds could be classified into 3 types, with 12 native goat breeds (JG, GW, DB, SW, GM, CM, M, BJ, JB, CW, LC, and IC), 3 introduced goat breeds (B, SD, and A), and 3 cultivated goat breeds (NB, WD, and GD) (19, 20) . Interestingly, no individuals of the 3 introduced goat breeds (B, SD, and A) carried the A898G mutation, while the mutation was identified in all 3 cultivated breeds (NB, WD, and GD) and some of the native goat breeds (JG, SW, GM, CM, M, BJ, JB, and CW), which was consistent with the hypothesis that this mutation may originate from native goat breeds of China. In the breeding process of the NB goat breed (the first goat breed cultivated for meat production in China in 1998), CM goats were used as one of the paternal breeds and JB goats were used as one of the maternal breeds (21, 22) . As a result, the A898G mutation was found in the new cultivated breed afterwards and its breeding materials.
In JG goats, frequency of AA, GA, and GG genotypes was 0.015, 0.094, and 0.891, respectively. Genotype distributions of the BMP15 gene were significantly different (P < 0.001, data not shown) between JG goats and other high prolificacy goat breeds. The JG does with genotype GG had 0.65 (P < 0.01) or 1.75 (P < 0.01) kids more than those with genotype GA or AA, while the does with genotype GA had 1.10 (P < 0.01) kids more than those with genotype AA (Table 2) . The relationship between different genotypes and litter size in the present study was consistent with that of Chu et al. (17) and Feng et al. (3) . In moderate prolificacy goat breeds, genotype distributions of the BMP15 gene were also significantly different (P < 0.001, data not shown) between M goats and other goat breeds. Because the kidding records were not available, we did not estimate the effects of different genotypes on litter size in M goats.
Mutations of A898G (also named as A963G and resulted in S300G in protein) and C985G (also named as C1050G and resulted in L329V in protein) were reported in exon 2 of the BMP15 gene in Jining Grey goats (14, 17) . Another 2 novel SNPs (G735A and C808G) were observed in exon 2 of the BMP15 gene, which showed no evidence of being related to litter size in Indian goat breeds (23 , and FecX R , were associated with both increased ovulation rate or litter size in heterozygous carriers and sterility in homozygous carriers, which had no significant effect on fecundity of JG goats (13) (14) (15) (16) . Recently, FecX Gr (C950T led to T317I) mutation in exon 2 of the BMP15 gene in French Grivette sheep and FecX O (A1009C led to N337H) mutation in Polish Olkuska sheep were identified to be responsible for an atypical hyperprolificacy phenotype in sheep reproduction (12) . It was noteworthy that FecX Gr and FecX O led to highly prolific ewes of homozygous status (genotype frequency was 92.9% and 65.5% in highly prolific ewes, respectively), in contradiction with other BMP15 variants described so far. This is the first time that mutations of the sheep BMP15 gene were associated with a prolific phenotype in homozygous ewes. In our study, homozygous does with the A898G mutation had the highest litter size among 3 genotypes; whether or not this mutation shared the same mechanism as FecX Gr and FecX O remains to be determined. Because the structure of BMP15 was not available, the tertiary structure of the BMP15 protein of JG goats was modeled by online prediction method based on the crystal structure of hBMP7 (pdb ID: c1lx5A). The tertiary model of mature BMP15 of JG goats from 22 to 125 was built using the Phyre program online. The results were the same as those of Ran et al. (24) and indicated that the overall structure of BMP15 was curled as left-handed with 1 α-helix and 2 fingers, which was similar to other TGFβ superfamily members (25) . Six cysteines of JG goat BMP15 consisted of 3 disulfide bonds including Cys24-90, Cys35-122, and Cys57-124. In the left-hand model, the smaller finger 1 comprised β1, α1, β2, and β3, while the larger finger 2 included β4 to β7 (Figure 2) . Mutation of the polar Ser32 to nonpolar Gly located at the surface of finger 1 and palm of BMP15 might participate in the binding of BMP15 with receptors (24) . However, Val31Asp mutation (FecX I , mutation of the hydrophobic Val31 to negatively charged Asp), the closest mutation to Ser32Gly, changed the electrostatic surface potentials in the middle of a noncharged surface area involved in dimer formation (6).
In conclusion, the prolificacy genotype of the BMP15 gene in JG goats was also found in all 3 cultivated breeds (NB, WD, and GD) and some of the native goat breeds (JG, SW, GM, CM, M, BJ, JB, and CW), but not in the 3 introduced goat breeds (B, SD, and A), which hinted that this mutation may originate from native goat breeds of China. Besides the JG goats, the BMP15 gene was also a potential prolificacy gene in M goats. Moreover, the structure prediction showed that the S32G mutation might participate in the binding of BMP15 with receptors.
